We show that the microvasculature of mouse tumors can be visualized using propagation-based phase-contrast x-ray imaging with gas as the contrast agent. The large density difference over the gas-tissue interface provides high contrast, allowing the imaging of small-diameter blood vessels with relatively short exposure times and low dose using a compact liquid-metal-jet x-ray source. The method investigated is applied to tumors (E1A/Ras-transformed mouse embryonic fibroblasts) grown in mouse ears, demonstrating sub-15-μm-diameter imaging of their blood vessels. The exposure time for a 2D projection image is a few seconds and a full tomographic 3D map takes some minutes. The method relies on the strength of the vasculature to withstand the gas pressure. Given that tumor vessels are known to be more fragile than normal vessels, we investigate the tolerance of the vasculature of 12 tumors to gas injection and find that a majority withstand 200 mbar pressures, enough to fill 12-μm-diameter vessels with gas. A comparison of the elasticity of tumorous and non-tumorous vessels supports the assumption of tumor vessels being more fragile. Finally, we conclude that the method has the potential to be extended to the imaging of 15 μm vessels in thick tissue, including mouse imaging, making it of interest for, e.g., angiogenesis research.
Introduction
Knowledge concerning the development of new blood vessels, angiogenesis, is essential for understanding the growth, invasion and spread of solid tumors. Basic research, as well as the assessment of novel therapies, benefit from analyses of local tumor angiogenesis. Unfortunately, the available techniques for the imaging of the intact microvasculature limit progress since they do not have sufficient spatial resolution to allow observation of the finer blood vessels (McDonald and Choyke 2003) . Such high-resolution microangiography is of importance for diverse studies in mouse-based pre-clinical models including initiation, development and growth of tumor vessels (Carmeliet and Jain 2000) , the morphology of tumor vasculature (McDonald and Choyke 2003, Carmeliet and Jain 2000) , microvascular density measurements (McDonald and Choyke 2003, Cox et al 2000) , and quantification of the antiangiogenic effect of inhibitors (McDonald and Choyke 2003, Savai et al 2009) . To date, several therapies based on angiogenic inhibitors are in use or have been evaluated clinically (Folkman 2006 , Ebos and Kerbel 2011 , Carmeliet and Jain 2011 .
Present techniques for small-animal angiography include magnetic resonance imaging (Bolan et al 2006) , single photon-emission computed tomography, positron emission tomography (PET) (Gambhir 2002) , ultrasonography (Ogura et al 2001) and laboratorybased x-ray tomography (Kiessling et al 2004 , Clark et al 2013 . They all have insufficient resolution, 50-100 μm to mm, to image the smaller vessels. Optical methods such as confocal microscopy, multi-photon microscopy (Maurin et al 2011) and optical coherence tomography (Vakoc et al 2012) have higher resolution but are limited to a relatively thin region closest to the surface. Very high-resolution imaging (<10 μm) of the microvasculature of mouse tumors using x-ray absorption-contrast agents has been demonstrated at synchrotrons (Chien et al 2012 , Chien et al 2010 , but the availability of these large facilities is limited and the required radiation dose using absorption contrast is incompatible with longitudinal studies.
In the present paper we demonstrate that laboratory x-ray phase contrast allows the imaging of the microvasculature of tumors at the sub-15-μm vessel level. The method relies on propagation-based x-ray phase-contrast imaging (Wilkins et al 1996) with injected gas as contrast agent (Lundström et al 2012b) . The use of injected gas suggests a potential path to in vivo experiments with CO 2 as the gas (Cho and Hawkins 2007, Lundström et al 2012b) . In normal tissue our phase-contrast method has been shown to provide sufficient contrast to image sub-10-μm-diameter vessels with reasonable exposure times with a compact liquidmetal-jet x-ray source (Lundström et al 2012a) . Here we extend the method to blood vessels in tumorous tissue, demonstrating imaging in sub-15-μm-diameter vessels. The tumors were grown in mouse ears and imaged both in 2D projection imaging and 3D tomography shortly after the mice had been sacrificed. Of special importance for the applicability of the method is the resistance of the blood vessels in tumors to the elevated gas pressures, since such vessels are generally known to be more fragile than vessels in normal tissue. We show that tumor vasculature with vessels less than 15 μm in diameter can be gas-filled at injection pressures tolerated by the tumor vessels.
Materials and methods
Tumors were grown by injecting 1 × 10 5 E1A/Ras-transformed mouse embryonic fibroblasts (Wilhelm et al 2010) in ∼10 μl cell culture media without antibiotics above the cartilage plane of the ear (Li et al 2012) in anesthetized athymic-Nude-FOXN1 nu mice. Tumors developed within two weeks of injections and had an average diameter of 2.1 mm with a standard deviation of 0.6 mm. All animal experiments were in accordance with the Animal Figure 1 . Propagation-based phase-contrast x-ray imaging uses a magnifying projection arrangement with the propagation distance turning phase shifts into intensity variations. Imaging was done in two modes with different imaging distances as indicated in the figure.
Protection Law (SFS1988:534), the Animal Protection Regulation (SFS1988:539) and the Regulation for the Swedish National Board for Laboratory Animals (SFS1988:541) and were approved by the Stockholm regional ethics committee for animal research under ethical permit N283/12.
To achieve a high contrast in the phase-contrast images, air was injected into the vascular system. For this proof-of-principle study air was used instead of CO 2 gas, as in previous studies, for convenience since the type of gas does not affect the image contrast. We first removed the ear from the freshly euthanized mouse and then inserted a needle directly into the largest vein. This was done under a microscope with the needle held by a manual three-axis micrometer stage. To prevent gas from leaking out around the needle the vessel was sealed with a small drop of tissue glue (Gluture, World Precision instruments). Four different needles were used: a 36-gauge beveled steel needle, a 36-gauge blunt steel needle, a glass capillary and a polycarbonate tube. The steel needles had an outer diameter (OD) of 115 μm and an inner diameter (ID) of 40 μm, the glass capillary had OD 120 μm and ID 80 μm and the plastic tube had OD 50 μm and ID 33 μm. The needles had different advantages and disadvantages but all worked. The beveled steel needle was easier to insert into a vessel than the blunt one but could cut through the vessel wall once inserted. The glass capillary was as difficult to insert as the blunt steel needle but required a lower gas pressure for initial injection due to the larger inner diameter. The plastic tube was most readily inserted due to its smaller OD, but required slightly higher pressure for initial injection due to its smaller inner diameter. The gas pressure was continuously measured and automatically controlled by a syringe pump.
For imaging we used a liquid-metal-jet x-ray source (Hemberg et al 2003) similar to the one described by Larsson et al (2011) , but with Galinstan (GaInSn alloy) as the anode material (Excillum AB). It was operated with an acceleration voltage of 50 kV and 0.8 mA of e-beam current (40 W of power), with an approximately 7 × 7 μm 2 x-ray spot measured as the full width at half maximum. The 9.25 keV gallium K α line dominates the x-ray spectrum and is the main contributor to the images.
Propagation-based phase-contrast x-ray images were obtained in two modes as is shown in figure 1 . The short-distance mode with a source-to-object distance of 0.25 m and a sourceto-detector distance of 0.5 m was used for figures 2 and 4. The long-distance mode with the distances 0.75 m and 3 m, respectively, was used for figure 3. The short mode has a low magnification making the full ear fit within the field of view. The long mode gives higher resolution and stronger phase contrast, which allows for lower-dose imaging. The long mode A vessel in the tumor breaks, letting gas out into the tissue. The gas pressure opens up the tissue letting more gas out. Eventually the breaking spreads outside the tumor and throughout the ear. The black rectangle is the needle used to inject gas.
requires evacuated flight tubes to be inserted into the x-ray beam path to reduce air absorption of the 9.25 keV radiation. The detector is a Photonic Science 24 × 36 mm 2 CCD with 9 μm pixels fiberoptically coupled 1:1 to a 5 mg cm −2 Gadox scintillator. The projection images shown have exposure times of 10 s (figure 4), 20 s (figure 3) and 40 s (figure 2) in order to obtain very low noise levels. However, in all cases about 2 s of exposure is enough to detect all gas-filled vessels. Radiation doses are calculated from the mass energy-attenuation coefficients from NIST (Hubbell and Seltzer 2011) as the average dose deposited in a 200 μm thick piece of soft tissue corresponding to the ear. The average dose in the tumor will be slightly lower due to its thickness. The short mode has a dose rate of about 20 mGy s −1 and the long mode 2.4 mGy s −1 . Tomographic data sets were obtained by rotating the object around a vertical axis. Each mouse ear was attached to a 200 μm thick plastic (PET) sheet with double adhesive tape to keep it stable during tomography. We used 90 projection images over 180
• with 5 s exposure time each, giving a total exposure time of 7.5 min and a dose of 400 mGy. The images were binned 2 × 2 during CCD readout giving 18 × 18 μm 2 pixels and a total acquisition time of 9 min including readout time for the CCD. Reconstructions were made using filtered back projection in cone-beam geometry with the Octopus software package (Vlassenbroeck et al 2007) . Before reconstruction the images were phase retrieved (Burvall et al 2011) using an algorithm by Paganin et al (2002) to obtain the projected density of the object from the phase-contrast images.
The sizes of vessels that were gas-filled were measured to evaluate the filling process. This was done in a semiautomatic way. For each gas pressure level at which a tumor was imaged, we manually marked the locations and directions of straight sections of the smallest non-overlapping vessels (on average 30 vessels per image). A program obtained an intensity profile of each vessel by averaging along the vessel and then compared this to simulated profiles of vessels of various diameters and slight variations in position to find the best fit. The diameter down to which the vascular system was said to be filled is taken as the average of the five smallest vessels found in each image. The simulations were performed using a wave-propagation algorithm taking into account all important imaging parameters including source size and spectrum, detector point spread function and detector absorption efficiency as described by Lundström et al (2012b) . Most marked vessels were outside the tumors since these were straighter and overlapped other vessels less often, but the smallest vessels in the tumors appear to be of the same diameters as those outside. The same method was used to determine changes in vessel diameter over time, but then a set of vessels in the tumor and another set in the healthy tissue were marked in one image. The same vessels were then automatically measured in several images taken over the following 30 min.
Results
The imaging of tumor vasculature could be done in a manner similar to healthy vasculature (Lundström et al 2012a) , except for two differences. First, tumor vessels are more fragile than normal vessels and hence break more easily than vessels in the surrounding tissue. This limits the gas pressure that can be applied and, thus, increases the lower limit on the size of vessels being gas-filled. Second, the large number of vessels in the periphery of the tumor makes projection images difficult to interpret. This necessitates the use of tomography to get a 3D image of the vasculature. Figure 2 shows an example of a tumor in a mouse ear injected with air at a gauge pressure of 200 mbar imaged using the short-distance mode. The vascular network is easily traced throughout the ear out to the 15 μm vessels which are the smallest ones being gas filled. Tracing the vessels gets somewhat more difficult in the tumor because of the large number of overlapping vessels. Nevertheless, the overall structure can be seen and most vessels seem to be confined to the borders of the tumor. Figure 3 shows a tumor on which we also performed tomography. Here we used the long-distance mode to get a stronger phase contrast and lower radiation dose. 90 images and a 5 s exposure time per image was used to get a quick tomogram with low dose. Some streak artifacts appear in the directions close to being parallel to the plane of the ear. These are caused by the high absorption in the parts of the ear outside the field of view in combination with the low number of projection angles used. They could potentially be alleviated with a higher number of projections or using an iterative reconstruction algorithm that is less susceptible to angular undersampling. The high contrast of the vessels, however, still makes all of them clearly visible and segmentable (figures 3(d) , (e)). This tumor consists of two nodules, with almost all the vessels either close to the tumor surface or at the interface between the two nodules (figures 3(b), (c)). In figure 3(e) we can observe how these vessels protrude from the plane of vessels associated with the healthy ear. The 3D renderings were made with the Amira software package (Visualization Science Group). The iso-surface corresponds to a threshold density of about 0.5 g cm −3 and the surfaces toward the outside air removed. Using this imaging method we can clearly visualize the disorganized vascular architecture typical for tumors (Folarin et al 2010) . Tortuous vessels feed into the tumor from the surrounding normal tissue forming an immature and poorly organized vasculature with shunts and blind endings (figures 2(b), 3(a)) indicative of a strong angiogenic response generated by the tumor.
Tumor vasculature is known to be more chaotic and permeable than normal vasculature (Siemann 2011 ) so the fact that it breaks more easily from an elevated internal pressure is not surprising. When this happens gas penetrates into the surrounding tissue, breaking it up in a way that spreads throughout the tumor and ear. Figure 4 shows a sequence of images at different stages of this breaking process. Breaking always started in the tumor, except for in one case where the largest vessel where the gas was injected broke.
The time it took from injection of gas until the vessels broke varied between tumors from less than a minute up to more than an hour. This is plotted in figure 5 , with the applied gas pressure on the horizontal axis. It seems reasonable that a higher pressure would give a shorter time. The variability of the tumors seems to hide such a trend in our data, except for pressures above 300 mbar at which all three tumors broke immediately. A majority of the tumors for which the pressure was up to 200 mbar took more than 40 min before breaking, giving plenty of time for imaging. Figure 6 shows the diameters of the smallest vessels that were filled with gas in the tumor images. The data support that the minimum vessel diameter D depends on the applied gas pressure P as D = 4γ /P, where γ = 60 mN m −1 is the surface tension of blood at room temperature. This curve is similar to previous experiments in normal non-tumor vessels (Lundström et al 2012a) but with lower maximum pressure, reflecting the more fragile nature of the tumor vasculature. Thus, it appears that 12 μm vessels can be filled with 200 mbar of gas pressure. Two ears were excluded from figures 5 and 6 since we suspected partial blocking of the needle opening in those cases. For one of those ears, 700 mbar was required to inject any gas and for the other only the three largest vessels filled at 130 mbar. In the three cases of immediate vessel rupture (above 300 mbar) the vessel sizes could not be determined. Some ears were imaged at two or three gas pressures and appear as multiple data points in figure 6 . The two data points at 200 mbar depicting minimum vessel sizes above the theoretical are assumed to have a partial blocking of the injection needles giving a lower pressure in the vessels than in the syringe. Since propagation-based phase contrast enhances high spatial frequencies and therefore edges, vessel diameters can be measured with high accuracy. We use this to measure how the vessels are affected by the gas pressure by imaging a tumor regularly while increasing the pressure in steps. A set of 109 non-tumor vessels and 37 tumor vessels were manually marked in one first image and then automatically measured in all subsequent images with increasing pressure. Figure 7 shows how the average diameter of the vessels developed over time. Nontumor vessels expanded on average by 1.6 μm over a 30 min period exposed to a gas pressure that was increased from 80 to 120 mbar. Tumor vessels on the other hand expanded twice as much, by 3.2 μm, over the same time span. Larger vessels expanded slightly more than smaller ones. The selected non-tumor vessels above 50 μm expanded on average by 1.9 μm while those below expanded by 1.6 μm. Since the tumor only contained vessels up to about 50 μm in diameter only the non-tumor vessels up to this diameter were used in the comparison in figure 7 .
The larger increase in diameter of the tumor vessels is probably linked to our previous finding that tumor vessels break more easily than vessels in normal tissue. The cause is in both cases likely to be the weaker vessel walls in tumors. The expansion of a vessel is probably a first step toward its breaking since it will increase the force exerted by the internal pressure and at the same time weaken the vessel wall.
The distributions of diameter changes overlap considerably between tumor and nontumor vessels. This is likely due to internal variations between vessels and inaccuracies in the measurements caused by photon noise and overlapping structures. Some vessels labeled as tumor vessels might also belong to the healthy tissue behind or in front of the tumor in the projection images. The error bars indicate the uncertainty of the average change calculated as
, where σ is the standard deviation among the diameter changes and N is the number of diameter changes used.
Discussion
It has previously been shown that gas can be used as a contrast agent in phase-contrast x-ray imaging of mice allowing visualization of sub-10-μm blood vessels in normal tissue at reasonable exposure times and radiation doses (Lundström et al 2012a) . Here we demonstrate that the method also is applicable to the imaging of the microvasculature of tumors. The tumor vessels are more sensitive to the gas pressure than the surrounding vasculature, but still for more than half of the tumors exposed to up to 200 mbar of gas pressure the vessels stayed intact for more than 40 min. This provides ample time to acquire a good tomogram, and 200 mbar is enough to fill 12 μm vessels with gas. In addition, the method can be used to measure vessel wall elasticity and compliance by observing the change in vessel diameter over time and when changing the gas pressure.
In this study the tumors were placed in mouse ears to get short exposure times and to avoid distracting the surrounding tissue. However, there is no principal reason why the same procedure would not work for tumors in other organs as well. Previously, this method has been shown to work well for 10 mm thick samples (Lundström et al 2012b) , and simulations following our earlier protocol (Lundström et al 2012b) show that for the 20 mm thickness of a full mouse, visualization of 10 μm vessels would require approximately a 1 h exposure time using present technology.
In this study gas was injected into the venous system, mainly because the largest arteries were too small (of the order of 25 μm in diameter) for us to manage gas injection. Arteries and arterioles have considerably stronger vessel walls than veins and venules, so they should withstand the gas pressure better. It is thus likely that higher gas pressures than those used in this study can be used for arterial systems for thicker tissues, where the arteries are large enough for injection.
Finally, we note that it appears feasible to use the method for in vivo studies, provided that a dissolvable gas such as carbon dioxide is used as contrast agent. Carbon dioxide is already employed clinically for angiography (Cho and Hawkins 2007) and was also used in previous phase-contrast studies (Lundström et al 2012b) . Tomography seems practically feasible only for body parts like an ear that can be held firmly in place, with single projections being more realistic for the rest of the animal.
